INTRODUCTION
Magnetic resonance imaging (MRI) technology has evolved over the years as a robust imaging modality that enjoys widespread use in the clinic. Despite the advances in MRI, this technique has been fundamentally limited by slower acquisition times compared to other modalities such as CT. To reduce scan times, many protocols use a singleshot acquisition, where the entire image signal is captured in one repetition time (TR). A common example is the single-shot fast spin echo (SS-FSE).
The SS-FSE sequence is able to produce images near areas of strong off-resonance without distortion. This is due to the fact that the signal is refocused at each echo, thereby reducing phase accrual due to off-resonance and the resultant image distortion and signal loss due to intravoxel signal dephasing. A SS-FSE sequence is generally designed to satisfy the Carr-Purcell-Meiboom-Gill (CPMG) condition (1, 2) to preserve high signal level throughout the echotrain as well as a smoothly varying signal from echo to echo that avoids introducing ghosting artifacts in the reconstructed image. In particular, the Meiboom-Gill condition requires that the excitation radiofrequency (RF) pulse and subsequent refocusing RF pulses must be constructed as 90
x À t=2 À 180 y À t À 180 y À t À 180 y . . .. Here, t=2 is the time between excitation and the first refocusing pulse and t is the time between each refocusing pulses afterward. This t spacing is commonly known as the echo spacing.
There are many factors that can prevent an SS-FSE sequence from being able to satisfy the CPMG condition. For example, the introduction of a magnetization preparation module following the excitation can result in an unknown magnetization phase leading into the echotrain. As a result, the phase of the transverse magnetization at half of the echo spacing (t=2) in advance of the first refocusing pulse cannot be guaranteed to be parallel or anti-parallel to the phase of the first refocusing pulse. This violation of the MG condition has profound consequences on image quality, namely banding, distortion, and signal dropouts.
Several approaches have been proposed to phase modulate the refocusing train (3, 4) to allow imaging using a SS-FSE sequence that is immune to variations in starting phase while maintaining a signal comparable to CPMG SS-FSE. Here we focus on the quadratic phase modulation scheme that has been proposed (3) as a non-Carr-Purcell-MeiboomGill (nCPMG) SS-FSE sequence. Despite the promise that a nCPMG SS-FSE sequence offers, some drawbacks exist. First, image reconstruction is made more complex as the quadrature component of the signal receives a 61 modulation throughout the echotrain that leads to FOV=2 aliasing in the image space. This issue has been previously discussed at length in the original publication (3) and subsequent work (5) . Second, the refocusing RF pulses must provide a consistent flip angle above 120 from one echo to the next throughout the echotrain as reported in Ref. 6 in order for the sequence to achieve a stable signal. This precludes using variable low flip angle refocusing pulse schemes that are used to reduce the SAR for SS-FSE sequences (7, 8) . This also implies that the excited signal must experience a uniform flip angle throughout the slice.
The focus of this work addresses how to best design the refocusing pulse given the nCPMG requirement of exceeding a minimum flip angle to maintain a stable echotrain signal. We investigate two options: first, a low time-bandwidth RF pulse (low selectivity) with an effective slice width much larger than the excited slice, and, second, a higher time-bandwidth RF pulse (high selectivity) whose sharper slice profile allows a reduction in the overspecification of the refocusing slice width. Furthermore, to maintain a short echo spacing, this highly selective refocusing pulse uses the delay-insensitive variablerate excitation design method that reduces the duration of the refocusing pulse subject to peak B 1 and gradient system limitations. The nCPMG sequence is analyzed for both types of refocusing pulse designs through simulation, phantom imaging, as well as in vivo imaging.
THEORY nCPMG Reliance on Flip Angle
The physics underlying the nCPMG phase modulation technique have been described in SU 2 notation (3) as well as the magnetization vector framework (6) . The phase modulation leads to a signal progression which is better written in blocks of two echoes n ¼ 1; 3 . . . as
for each echo number n, where Q 0 is the initial magnetization Q 0 ¼ X þ jY . Thus we can rewrite the signal progression again as
The coefficients A n and b n are introduced in Ref. 9 where A n is the echo family resulting from directly refocusing the first spin echo and b n is the echo family resulting from refocusing the stimulated echo. For a CPMG sequence both coefficients are real and form two oscillating signals. Both tend toward the same constant value depending on the flip angle, and their oscillations tend to be in opposition. Thus A n þ b n , which represents the response of the X magnetization, is only mildly modulated and tends naturally toward a constant. Conversely, A n À b n , which is the response of the Y magnetization, concentrates all the oscillations and tends rapidly toward zero. Hence the CMPG condition, which states that only the aligned component of magnetization can be correctly detected. To counteract that restriction (9) proposed a crushing scheme which eliminates one of the sequence coefficients, for instance b n , considered as the "parasitic" coefficient, leaving only the "main" coefficients A n . This alleviates the strong dependency on the initial phase, but leaves a signal A n Q 0 ; A nþ1 Q Ã 0 . This resultant signal is also reduced by a factor two compared to the CMPG signal and also presents the original oscillations of A n leading to artifacts when mid-range flip angles are used. This problem of signal stability has been solved by Ref. 10 using a different gradient encoding scheme and an additional 90 RF pulse for cleaning purposes. The signal response is as stable as the CPMG response, but is still reduced by a factor of two compared to A n þ b n .
On the contrary, Ref. 3 aimed at obtaining a stable signal A n without this reduction by a factor two. The LeRoux approach used the idea of quadratic phase modulation, similar to what has been used in the SSFP context (11) . Indeed, a quadratic phase modulation is equivalent to a frequency sweep. Viewed from a translating frame aligned with the center of the excitation, the system of Bloch equations describing the set of magnetizations becomes stationary, although with a much augmented dimension. This stationary linear system of dynamic equations has several eigenvectors. Seen in the magnetization vector framework, one such eigenvector corresponds to a distribution U, which stays constant for all echo indices n (eigenvalue 1). There are also two distributions V , W which will change sign every other echo corresponding to the eigenvalue À1. Thus, a suitable change of the phase modulation in the first RF refocusing pulses allows one to put the magnetization X along U and the magnetization Y along V generating echo signals. After that preparation, the resultant signal verifies Eq. [1] , but both A n and b n become stationary,
Only a limited set of frequency sweep velocities provides a large stable coefficient A for all refocusing pulse flip angles. When using one element of this set, A is almost purely real and positive, with an amplitude lower, although close, to the CPMG amplitude for the same flip angle. Correspondingly, the coefficient b is small but not null, particularly for flip angles around 90
. This "parasitic" signal seems to be intrinsic to the quadratic phase modulation and has not yet been reduced. The b term is almost purely imaginary, and its largest magnitude relative to jAj is jbj=jAj ¼ 0:4, which is obtained for flip angles around 90 (jbj is zero for the flip angles 180 and 0 ). Hence, the response of the X magnetization, A þ jjbj, and the response of the Y magnetization, jðA À jjbjÞ, are of nearly the same magnitude, but with opposite phase. This phase varies by up to 20 when the flip angle varies. Although this is a small phase error, it may complicate the reconstruction process because its rate of variation along the encoding y-direction can be very large in cases of partial slice effects. This is the first reason why one needs to reduce the distribution of the flip angles in the signal producing region of the refocusing slice. The second reason is more trivial; the phase modulation of the first RF refocusing pulses places the original magnetization Q 0 along the local U; V plane, when the flip angle is higher than 120
. For flip angles below 90
, the lower the flip angle, the more chaotic the response. Such signal dependence on refocusing flip angle can be seen in Fig. 1 , where the signal magnitude increasingly oscillates as the refocusing flip angle decreases. This necessitates a flat passband and narrow transition band pulse to reduce the influence of lower flip angles.
RF Pulse Designs
Hamming-windowed sinc (m-sinc) refocusing pulses are common in SS-FSE sequences due to their ease of design as well as relatively short duration. A typical design would follow
where w(t) is a truncated Hamming window defined as
This simple design works in CPMG applications, with pulses truncated aggressively down to the main lobe only (12) . However, this low time-bandwidth RF pulse leads to very non-selective slice profiles. Increasing the selectivity, or time-bandwidth, for RF pulses with constant excitation gradients generally results in proportionately increased RF pulse durations if the RF pulse is already at the peak transmit B 1 limit of the MR system. In an SS-FSE pulse sequence, this increased duration will translate to increased echo spacing and, consequently, decreased image SNR and increased phase encode direction image blurring due to T 2 decay over the echotrain. However, it is possible to use the variable excitation rate (VERSE) method to reduce the duration of an RF pulse while maintaining the excitation profile for on-resonant spins.
The time-optimal VERSE method (TO-VERSE) (13) is an approach that produces the minimum-duration VERSE pulse corresponding to a given selective excitation defined by an RF and gradient waveform. While this approach does provide the minimum-duration pulse, the resultant excitation is sensitive to any timing error between RF and gradient waveforms that can be introduced by system errors or eddy current effects, especially for off-isocenter slices. In contrast, the delay-insensitive VERSE (DIVERSE) approach (14) can provide some robustness to RF/gradient timing errors at the cost of a slightly longer pulse duration. This DIVERSE approach was consequently chosen to be used to reduce the duration of our higher time-bandwidth SLR (15) pulse used in the SS-FSE sequence.
The solution for designing these pulses is similar to what has been used for designing time-optimal 3D VERSE pulses (13) . The design procedure relies on a parameterization of the RF pulse and gradient pair, fB 1 ðtÞ; GðtÞg, with the Euclidean arc-length. That is
GðsðtÞÞ ¼ GðtÞ; [5] which is written here as fB 1 ðsÞ; GðsÞg. The difference between the DIVERSE pulse generation process and the Time-Optimal VERSE (TO-VERSE) algorithm proposed in Ref. 13 is an additional constraint on maximum gradient. Normally the gradient upper-bound is found to be
where GðsÞ is the gradient parameterized in space, B 1;max is the maximum RF amplitude, and W(s) is the RFto-gradient ratio. However, in the DIVERSE design, the cross term B 1 ðsÞ Á GðsÞ is limited to some fraction of the system maximum k dv B 1;max G max to reduce the effects of any error in the gradient/RF system delays. The resultant constraints as given by Ref. 14 are:
where S max is the maximum slew rate of the system and k dv 2 ½0; 1 is a scaling parameter. The first constraint limits the gradient amplitude so as to meet the gradient-RF cross term limitation, the peak RF system limitation, and the peak gradient amplitude system limitation. The second constraint is the slew rate limit. The last constraint maintains the excitation k-space weighting of the RF pulse. A comparison between TO-VERSE and DIVERSE pulse designs in the presence of RF/gradient system delays is found in Supporting Information Fig. S1 .
FIG. 1. EPG simulations with an initial excitation of (a) 90
x (out of phase signal) and (b) 90
y (in phase signal). The nCPMG phase modulation yields a stable echo train regardless of initial excitation phase so long as the refocusing flip angle remains above 120
. In (c) the sequence used (with the DV-SLR pulses) is shown. The FSE readout train uses DV-SLR refocusing pulses. The v RF and u RF waveforms show the frequency and phase modulation of the RF pulse in the rotating frame to excite a slice off isocenter. The dual x and h control is used to provide improved fidelity and minimize quantization errors on the RF phase on the imaging system.
An effective way to solve for a time-optimized gradient design is through the method described in Ref. 16 . This method parameterizes the RF and gradient constraints to the s-domain, solves for the optimal gradient while in the s-domain, and then parameterizes back to the time domain. This method was also applied in Ref. 13 and is also used here.
This article compares two different pulse types: a low TBW standard m-sinc pulse and a DV-SLR pulse. Examples of each of these types of pulses and their respective slice profiles in the transverse plane are given in Fig. 2 . The DV-SLR pulse is able to maintain a short pulse duration similar to the m-sinc pulse. However, the slice profile it achieves has a much higher degree of selectivity. In the slice profile simulations, the excitation and spin echo profiles are multiplied together to give a resultant slice profile. The areas in the transition bands where the refocusing flip angle (as determined by the spin echo profile) are too low for the refocusing to be efficient are highlighted in yellow. It is clear that a lower time-bandwidth pulse pair will lead to much more excited magnetization that will ultimately fail to achieve a proper refocusing flip angle. y excitations for a standard m-sinc pulse, an m-sinc pulse with a wide refocused slice, and the described DV-SLR pulse. The bottom three rows: slice profiles of the excited and the refocused slice profiles for both the standard m-sinc, widened m-sinc, as well as the proposed DV-SLR pulse. A resultant slice profile, which is the product of the excitation and spin echo profiles, is also shown. The highlighted region is the portion of the resultant slice profile that does not enjoy proper refocusing. Three cases (off-resonance at 0, 100, 200 Hz) of slice profiles behavior for both pulses are shown as well as the nCPMG threshold.
METHODS

RF Pulse Design
Two refocusing RF types were designed for this article: a low time-bandwidth windowed sinc pulse (m-sinc) and a very selective DV-SLR pulse. Both pulses had a nominal flip angle of 160 . This flip angle was chosen to match what has been previously used in the literature (17) as well as avoid regional dips in flip angle caused by B 1 inhomogeneity. These pulses were designed to be used on a 1.5T General Electric Signa scanner. A GE 8-channel cardiac array coil was used for signal reception and the GE body coil was used for RF transmission. The pulses were designed for this system and were designed for a max RF of 0:25 mT, max gradient amplitude of 40 mT/m, and maximum gradient slew rate of 150 mT/mÁms.
The m-sinc pulse was designed to be 1.10 ms with a TBW ¼ 1.2 and was windowed with a Hammingwindow. For the nCPMG SS-FSE sequence used in simulation and scanning, this gave an echo spacing of 4.10 ms. The DV-SLR pulse was designed according to the procedure outlined above, but with a TBW ¼ 3.55 and a k dv ¼ 0.2 giving a pulse duration of 1.08 ms. This pulse in the nCPMG SS-FSE gave an echo spacing of 4.90 ms. While the pulse duration of the DV-SLR pulse matches the m-sinc pulse, there is a discrepancy in the echo spacing with the m-sinc giving a shorter echo spacing. The reason for this is the maximum gradient used in the DV-SLR gradient has a higher maximum value than even the crushers used in the m-sinc scenario. Since the system is limited by slew rate, the ramps to reach the maximum DV-SLR gradient value are necessarily longer than the crushers in the m-sinc case leading to a slightly longer echo spacing. The nCPMG SS-FSE sequence using the DV-SLR pulse is shown in Fig. 1 .
Additional signal stability can be gained by ensuring that the excited signal within the slice falls within the passband of the refocused slice profile. This can be achieved by widening the refocused RF slice such that the excited signal is refocused all within the passband. Since the DV-SLR pulse is very selective, the transition band will be small enough to minimize any slice cross-talk with appropriate slice interleaving. This is demonstrated in Fig. 2 where slice behavior is shown for excited as well as refocused signal for on-and off-resonant cases. Here, the slice was widened by a factor of 3 for the DV-SLR pulse and 1.8 for the widened m-sinc pulse.
Specific absorption rate (SAR) accumulation is another factor to consider in designing refocusing RF pulses, particularly in the case of SS-FSE where SAR often limits TR. The DV-SLR pulse has a power integral that is 23% higher than the m-sinc case.
Simulation
A Bloch simulation was used to model the behavior of the nCPMG SS-FSE sequence. While a traditional extended phase graph (EPG) simulation is oftentimes sufficient for modeling this behavior, this relies on the assumption that the rotation angle is uniform across the slice. The formulation of the nCPMG quadratic phase modulation (6) models the slice signal by subslices onto which a hard pulse with a definite flip angle is applied.
This precludes the modeling of relaxation and other spurious effects during the pulse, particularly in case of a DV-SLR pulse. While EPG simulations have been modified to incorporate these effects (18) , we chose to use a numerical Bloch simulation to determine the signal response to the RF pulse B 1 ðtÞ and gradient waveform G z ðtÞ at a location z using the hard pulse approximation employed by Pauly (15) . At each echo, the signal was calculated by finding the sum of the complex magnetization across a large number of isochromats distributed along the slice direction.
All implementations were done using Python/Numpy as well as Cþþ with the Armadillo linear algebra library. The simulation presented here uses this framework applied to the nCPMG SS-FSE with both proposed refocusing RF pulse types. The simulation assumed a slice width of 5 mm and was simulated across 40 mm (i.e., eight times the nominal slice thickness) to account for wider transition band effects with N ¼ 500,000 isochromats distributed uniformly initially across the slice. The simulation also accounted for a T 2 ¼ 200 ms and T 1 ¼ 1000 ms.
Phantom Scanning
Phantom scans were performed using a spectroscopy ball phantom with the 8-channel GE cardiac coil. Both minimum echo time (TE ¼ 30.4 ms) as well as repetition time (TR ¼ 800 ms) were used in a multi-slice sequence with slice interleaving using a skip factor of 4 (i.e., in a 12 slice sequence, slice were acquired with the order of [1, 5, 9, 2, 6, 10, 3, 7, 11, 4, 8, 12] ). Images were acquired by doubling the field-of-view to better visualize the intermediate aliasing caused by any instability in the nCPMG echotrain that arises for low refocusing flip angles. The image matrix size was 128 y Â 192 x with a FOV of 21.0 cm. Phantom images were also acquired with the initial excitation using 90
x as well as 90 y pulses.
In Vivo Scanning
For in vivo scans, informed consent was acquired from all volunteer subjects in accordance with institutional review board guidelines. All scans were performed on a healthy male volunteer. The different refocusing pulses described above were tested in both CPMG and nCPMG SS-FSE abdominal scans. Each scan was acquired with 192 y Â128 x matrix. Repetition time was SAR limited and was 800 ms, while echo time was set to the minimum value based on echo spacing, which was dependent on the refocusing RF pulse type (typically 30 ms). Each image was reconstructed based on the split echo hybrid-SENSE reconstruction as described in Ref. 5 .
RESULTS
EPG simulation echotrain results are seen in Fig. 1 . In  Fig. 1a,b , the EPG-simulated echotrain signal remains largely stable regardless of the initial excitation phase (in this case 0 and 90 ) when the refocusing flip angle is above 120
. (In Supporting Information Fig. S2 , various flip angles are used in a Bloch simulation with the DV-SLR pulse to simulate the echotrain signal. The EPG simulation models the RF pulses as hard pulses with uniform flip angles across the slice whereas the Bloch simulation models the slice profile effects. However, because the refocusing RF pulse passband is sufficiently wide to cover the excited slice, a comparable signal as a function of flip angle is seen.)
Bloch simulation echotrain results are seen in the two top right images of Fig. 2 . The cases where the passband in the refocusing slice profile is wider (i.e., the "m-sinc wide" as well as the DV-SLR pulse cases) a much more stable echotrain is generated, although the wider DV-SLR pulse case generated the most stable signals throughout the echotrain. In the out of phase condition plot, large oscillations are seen in the m-sinc echotrain, which would lead to ghosting or aliasing artifacts in the acquired image. The bottom rows of Fig. 2 highlight excited magnetization that does not enjoy proper refocusing. Additionally, the effects of off-resonance on each pulse are shown with three cases of off-resonance (0, 100, and 200 Hz) shown. In these cases, it is clear to see that in the case of the standard m-sinc refocusing pulse, the proportion of improperly refocused magnetization to total excited magnetization is the highest, followed by the wider m-sinc and DV-SLR cases.
Bloch simulations incorporating slice profile effects can describe the impact of the proposed slice widening by evaluating the longitudinal and transverse magnetization n echoes into the echotrain. Figure 3 shows these effects after one TR for the longitudinal case and one echo for the transverse magnetization case (this was chosen for clarity in displaying the image). In these figures, the signal generated by the standard m-sinc pulse, an msinc pulse that generates a wider refocusing slice profile, as well as the DV-SLR pulse that also generates a wider refocusing slice profile, are shown. The impact of using a slice-interleaving method to minimize cross-talk (using 5 mm slices, 0.0 mm slice spacing, and a skip-factor of 4) is illustrated.
Phantom image scans are seen in Fig. 4 . These images are reconstructed only through homodyne processing and a sum-of-squares combination into a final image. Parallel imaging reconstruction was omitted to better demonstrate various artifacts in the signal. This figure shows fully windowed images as well as images In vivo images are shown in Fig. 5 . All images show similar contrast and resolution. The resolution is particularly notable given that the DV-SLR is able to closely match the echo spacing of the m-sinc refocusing pulse sequence. When the initial magnetization is in phase along x, the msinc and DV-SLR images all show good reconstructions without noticeable artifacts. However, when the initial magnetization is out of phase along y, there are noticeable aliasing artifacts with a 1/5FOV shift for the m-sinc image, which are highlighted with a red arrow. In contrast, the DV-SLR images do not show these artifacts.
DISCUSSION
The signal stability in nCPMG sequences is dependent on the flip angle of the refocusing pulse, with echotrain stability achieved as long as the flip angle exceeds 120 and is uniform across the excited slice. We have shown that this condition can be violated when excitation and refocusing pulses are not carefully designed in tandem. Refocusing pulses with higher selectivity (or time-bandwidth) allow for easier integration into a multi-slice SS-FSE sequence and can be introduced with minimal increase in echo spacing if pulses with a time-varying gradient approaches (DV-SLR) are employed.
The proposed approach using DV-SLR refocusing RF pulses is demonstrated using Bloch simulations where the echotrain signal was demonstrated to be more stable than what is achieved with the traditional low TBW pulses. Slice widening is also suggested here as further insurance to achieve a flat passband over the excited signal. While slice widening could also be applied to the low TBW pulses to further enable the pulses to achieve the nCPMG threshold, this presents two problems. The first is that the passband is not flat although the flip angle over the excited slice might be above the requisite threshold. Thus, the varying flip angles over the slice still leads to signal oscillation compared to the flatter profile provided with the DV-SLR pulse. Second, the low selectivity and wide transition bands leads to cross-talk issues. One could mitigate this by increasing the TR to better ensure recovery, but that is impractical for multi-slice acquisitions. However, the proposed method, along with appropriate slice interleaving (i.e., using a skip factor of four), renders this approach practical for multi-slice imaging while also achieving a stable nCPMG echotrain. Further gains in performance could be realized if the slice profiles were widened even further   FIG. 4 . Images of spherical phantom demonstrating acquired using standard m-sinc refocusing pulses as well as the proposed DV-SLR refocusing pulses. Full and 10Â windowed images are displayed. Red and blue arrows highlight areas of undesired intermediate aliasing in all cases. In both the in phase and out of phase m-sinc cases this intermediate aliasing is more prominent. Green arrows highlight the quadrature component that was aliased by nCPMG phase modulation prior to parallel image reconstruction.
and cross-talk minimized by lengthening the TR and increasing the skip factor. While such an approach is feasible, the increase in scan time would likely be problematic, particularly in cases where there is substantive motion over the scan period that could lead to misregistration of adjacent slices.
These simulations also demonstrate a link between flip angle and signal stability when the refocusing RF slice effects is taken into consideration. Supporting Figure S2 indicates the flip angle could be lowered to approximately 120 with a slight loss in SNR and marginally decreased signal stability. This lower flip angle would reduce SAR deposition, which is currently the factor limiting the minimum repetition time TR and thus would reduce scan time. The flip angle of 160 was chosen to be consistent with prior work (3, 5, 17) and provides a margin for B 1 inhomogeneity which may be modest at 1.5T but at 3T can be as much as 30% in the body (19, 20) .
This stability was demonstrated in practice, first in the phantom case, where the intermediate aliasing was much more apparent in the m-since refocusing RF pulse case. In the DV-SLR out of phase excitation case, there is slight intermediate aliasing as well. However, this is not as pervasive (there is only one aliased copy as opposed to many) nor is the magnitude of the copy as large in comparison to the m-sinc out of phase case.
Similar results are seen in in vivo images, where there the m-sinc cases demonstrate some aliasing artifacts whereas the DV-SLR cases are artifact-free. One notes that achieving a more stable signal in the DV-SLR case preserves the echo spacing and does not introduce increased blurring in the phase encode direction as would be the case with a non-VERSED pulse with comparable selectivity but increased pulse duration and consequently increased echo spacing. One cost in using the DV-SLR pulses is an increase in the sequence SAR which can limit the minimum TR, although we found this to be only an 5-10% increase in minimum TR.
The impact of this work extends beyond nCPMG SS-FSE. The use of highly selective DV-SLR pulses rather than low time-bandwidth refocusing pulses in echotrains could benefit many FSE applications. One such application is the standard CPMG SS-FSE. A highly selective pulse with a uniform passband will generate a more uniform contrast across the slice as the signal across the slice will enjoy a more uniform refocusing flip angle compared to the signal generated from a less selective pulse. Another application that could benefit from using these highly selective and short duration DV-SLR pulses could be the Periodically Rotated Overlapping ParallEL Lines with Enhanced Reconstruction (PROPELLER) (4) method, which is a multi-shot FSE acquisition strategy that is also immune to the violation nCPMG Slice Profile Considerationsof the MG condition. To achieve a stable signal from echo to echo PROPELLER uses XY modulation, which is also dependent on a sufficiently high (typically 180 refocusing flip angle). Thus, the PROPELLER approach could also see benefit for using a highly selective DV-SLR refocusing pulse for reasons similar to the nCPMG case as described here.
CONCLUSION
In this article, we demonstrate the importance of using sufficiently selective refocusing RF pulses in the nCPMG SS-FSE sequence to maintain a stable signal throughout the echotrain. We have demonstrated this in simulation, in phantom, as well as in vivo. A DIVERSE SLR refocusing pulse was used to achieve high selectivity while not significantly increasing echo spacing.
